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
$V ZDWHU SXULILFDWLRQ EHFDPH D JOREDO LVVXH WKHVH GD\V PRUH SUDFWLFDO GXUDEOH DQG KLJK
SHUIRUPDQFHLVUHTXLUHGIRUQHZPDWHULDOIRUPHPEUDQHLQGXVWU\'HDOLQJZLWKDODUJHTXDQWLW\RI
XVHG ZDWHU WR SXULI\ ILOWHULQJ FDSDFLW\ PLJKW EH DQ LPSRUWDQW LVVXH IRU PHPEUDQH PDWHULDO
7KHUHIRUHFUHDWLQJDODUJHPHPEUDQHRUPXOWLSOHVWHSVRIPHPEUDQHVHHPVWREHDVROXWLRQIRU
KDQGOLQJ ODUJH TXDQWLW\ RIZDWHU +RZHYHU LW FDQ EH DOVR FKDOOHQJLQJ WRPDNHPHPEUDQH DV
VPDOODVWREHDSSOLHGLQPLFURIOXLGLFV\VWHP%HFDXVHWKHLVVXHVDUHQRWRQO\KRZWRPDNHDQ
HIIHFWLYHPHPEUDQHPDWHULDOEXWDOVRKRZWRFUHDWHLWLQDWLQ\PLFURFKDQQHO
0LFURIOXLGLF RU QDQRIOXLGLF GHYLFHV KDYH EHHQ UHFHLYHG D JUHDW DWWUDFWLRQ LQ FKHPLFDO DQG
ELRORJLFDODSSOLFDWLRQV'XH WR WKH LQFUHDVHRI WKHVXUIDFHYROXPH UDWLRFRQWURO RI WKHVXUIDFH
SURSHUWLHV RI WKHVH GHYLFHV LV KLJKO\ LPSRUWDQW 3RO\PHUEDVHG PDWHULDOV KDYH EHHQ QHZO\
GHYHORSHGLQWKLVILHOGGXHWRWKHJUHDWQHHGVRIHDV\SURFHVVLQJFRVWHIIHFWLYHQHVVDQGFODULW\
IRU WKH PDWHULDO +RZHYHU LW LV VWLOO FKDOOHQJLQJ WR FRQWURO RI WKH VXUIDFH SURSHUWLHV RI WKHVH
GHYLFHVRQGHPDQG(VSHFLDOO\IRUELRORJLFDODQDO\VLVRUGHWHFWLRQPLFURIOXLGLFVVKRXOGKDQGOH
DTXHRXVVDPSOHVEXWPRVWRIWKHFXUUHQWPDWHULDOVLQXVHIRUPLFURIOXLGLFGHYLFHVDUHUHODWLYHO\
K\GURSKRELFVXFKDV3'06300$DQGF\FORROHILQFRSRO\PHUHWF7KHUHIRUHWKH\XVXDOO\
QHHGDQH[WUDDVVLVWDQFH UDWKHU WKDQDFDSLOODU\ IRUFH WR IORZ WKHDTXHRXVVDPSOHV+HUHZH
VXJJHVW D QHZ PHWKRG WR FUHDWH WKH VXUIDFH FRDWLQJ WKDW KHOS GHOLYHULQJ PDWHULDOV LQWR WKH
PLFURV\VWHPHIIHFWLYHO\DQGDOVRV\QWKHVL]HQDQRSRURXVPHPEUDQHPDWHULDOV

(;3(5,0(17

 6XUIDFH PRGLILFDWLRQ RI PLFURFKDQQHO ZLWK SRO\HOHFWURO\WH FRDWLQJ 3RO\DOO\ODPLQH
K\GURFKORULGH3$+DQGSRO\DFU\OLFDFLG3$$RU+\DOXURQLFDFLG+$ZHUHXVHGWRFUHDWH
PXOWLOD\HU FRDWLQJ RQWR WKHPLFURIOXLGLF GHYLFH 7KH\ZHUH SXUFKDVHG IURP3RO\VFLHQFHV 7KH
PLFURIOXLGLFGHYLFHVLQWKLVVWXG\ZHUHPDGHIURP3'06300$&2&F\FORROHILQFRSRO\PHU
7KHVH VXEVWUDWHV ZHUH FOHDQHG E\ XOWUDVRQLF LQ VRDS VROXWLRQ 7KHQ WKH VXEVWUDWHV ZHUH
LQWHQVLYHO\ULQVHGZLWKGHLRQL]HGZDWHUDQGEORZQGULHGZLWK1JDV LPPHGLDWHO\7KHFRDWLQJ
VROXWLRQV SRO\HOHFWURO\WH VROXWLRQV ZHUH SUHSDUHG ZLWK D FRQFHQWUDWLRQ RI 0 EDVHG RQ
PRQRPHU XQLWV 7KH SRO\PHU VROXWLRQV ZHUH S+DGMXVWHG WR XVLQJ D  0 +&O RU 1D2+
VROXWLRQDQGGHLRQL]HGZDWHU IRUULQVLQJZDVXVHGZLWKRXW WKLVDGMXVWPHQW7KHPXOWLOD\HU ILOP
ZDV SUHSDUHG E\ D UHSHDWHG VHTXHQWLDO GLSSLQJ RI WKH WZR SRO\PHU VROXWLRQV VHSDUDWHG E\
ULQVLQJVWHSV7KHGHWDLOHGGHSRVLWLRQPHWKRGFDQEH IRXQG LQ WKHSUHYLRXVSXEOLFDWLRQ ,Q WKH
FDVH RIPLFURFKDQQHO FRDWLQJPLFURV\ULQJH SXPSZDV XVHG WR GHOLYHU WKH VROXWLRQZLWK WKH
ORZHVWSUHVVXUH
 1DQRSRURXV )LOP 3UHSDUDWLRQ 7KH QDQRSRURXVPHPEUDQHPDWHULDOV ZHUH SUHSDUHG IURP
SRO\PHUEOHQGVRISRO\HWK\OHQHEORFNSRO\HWK\OHQHR[LGH 3(E3(2DQGSRO\DFU\OLFDFLG
3$$ZLWK YDULRXV EOHQGLQJ UDWLRV 7KH 3(E3(2 FRSRO\PHU ZDV V\QWKHVL]HG IURP D
SRO\EXWDGLHQHEORFNSRO\HWK\OHQH R[LGH ZKLFK ZDV DQLRQLFDOO\ SRO\PHUL]HG KDYLQJ D
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SRO\GLVSHUVLW\DV3$$ZDVSXUFKDVHGIURP3RO\VFLHQFHV7KHEOHQGZDVSUHSDUHGIURPD
VROXWLRQ PL[WXUH VROYHQWZDUP WROXHQHGLR[DQH  RI 3(E3(2 DQG 3$$ IROORZHG E\
YDFXXPHYDSRUDWLRQDQG WKHUPDODQQHDOLQJ/DWHU WKHEOHQGZDVVRDNHG LQWRDVOLJKWO\DFLGLF
DTXHRXV VROXWLRQ WR H[WUDFW 3$$ VHOHFWLYHO\ 7KHQ WKH UHVXOWLQJ SRURXV ILOPV ZHUH GULHG LQ
YDFXXPRYHQXQGHU1JDV
 &KDUDFWHUL]DWLRQ RI WKH &RDWLQJ 7R VWXG\ WKH VXUIDFH ZHWWDELOLW\ VXUIDFH FRQWDFW DQJOHV
VWDWLFDGYDQFLQJDQGUHFHGLQJFRQWDFWDQJOHVZHUHPHDVXUHGXVLQJDFRQWDFWDQJOHDQDO\]HU
ZLWKSXUHGHLRQL]HGZDWHUZHUHREWDLQHGXVLQJWKHVWDQGDUGVHVVLOHGURSWHFKQLTXHZLWKGURSV
aO LQVL]H&HOOXODUDFWLYLW\RQEDUH IOXLGLFGHYLFHDQG WKH ILOPFRDWHGGHYLFHZDVFRPSDUHG
XVLQJFHOOV&HOOVZHUHFXOWXUHGRQ7&36 LQ'XOEHFFR¶V0RGLILHG(DJOH0HGLXP'0(0
VXSSOHPHQWHGZLWKIHWDOERYLQHVHUXP)%6DWR&LQDKXPLGLILHGDWPRVSKHUHRI
DLUDQG&27KHS+RI WKHPHGLXPZDVDGMXVWHGWR)RUDWWDFKPHQWDQGSUROLIHUDWLRQ
DVVD\V FHOOV ZHUH UHPRYHG IURP WKHLU JURZWK VXUIDFH E\ WU\SVLQ DQG WKHQ VSXQ GRZQ LQ D
FHQWULIXJHDWaUSPIRUaPLQXWHV7KHFHOOVZHUHWKHQUHVXVSHQGHGLQIUHVKPHGLDPL[HG
LQDUDWLRZLWKWU\SDQEOXH6LJPDDQGFRXQWHGZLWKDKHPRF\WRPHWHUZLWKWU\SDQEOXH
H[FOXVLRQ WR GHWHUPLQH FHOO YLDELOLW\ SULRU WR VHHGLQJ &HOOV ZHUH VHHGHG RQWR WKH VWHULOL]HG
PXOWLOD\HUFRDWHGPLFURFKDQQHOVIRUFHOOLQWHUDFWLRQLQYHVWLJDWLRQV

',6&866,21

)RUWKHIXQFWLRQDOVXUIDFHPRGLILFDWLRQRIPLFURFKDQQHOVRIWKHPLFURIOXLGLFGHYLFHZHXWLOL]HG
SRO\HOHFWURO\WHPXOWLOD\HU FRDWLQJ 3RO\HOHFWURO\WHPXOWLOD\HU ILOPV DVVHPEOHG E\ OD\HUE\OD\HU
DUHYHU\SUDFWLFDOFRDWLQJVWRPRGLI\VXUIDFHVRIYDULRXVVXEVWUDWHV$GGLWLRQDOO\WKHIXQFWLRQDO
JURXSVRISRO\HOHFWURO\WHPXOWLOD\HUILOPDOORZIXUWKHUFKHPLFDOUHDFWLRQVVXFKDVSRO\PHUPLFUR
FRQWDFWSULQWLQJVHOHFWLYHSKRWRFURVVOLQNLQJDQGFRQWUROOHGQDQRSDUWLFOHV\QWKHVLV 0XOWLOD\HU
ILOPV FRPSULVHG RI ZHDN SRO\HOHFWURO\WHV H[KLELW GLIIHUHQW VXUIDFH SURSHUWLHV DV WKH\ ZHUH
DVVHPEOHGDWGLIIHUHQWS+FRQGLWLRQV7KHUHIRUHWKHZHWWDELOLW\RIWKH3(0FRDWHGDOVRFDQEH
YDULHGE\GHSHQGLQJRQWKHDVVHPEO\FRQGLWLRQ:HDSSOLHGYDULRXV3(0ILOPVRQWKHFKDQQHO
VXUIDFHRIPLFURIOXLGLFGHYLFHDQGWHVWHGWKHZHWWLQJSURSHUW\IRUFDSLOODU\IRUFHEXLOGXS6RPH
SRO\HOHFWURO\WHPXOWLOD\HUILOPVZHUHGHWHUPLQHGDVVXFFHVVIXOFRDWLQJVIRUVSRQWDQHRXVGHOLYHU\
RIWKHDTXHRXVVROXWLRQRIWKHPDWHULDOVLQWRWKHPLFURFKDQQHO
)RU FUHDWLQJ QDQRSRURXV PHPEUDQH PDWHULDO ZH VWXGLHG SRO\PHU EOHQGV LQFOXGLQJ
SRO\HOHFWURO\WH DQG EORFN FRSRO\PHU'XH WR WKH DELOLW\ WR FUHDWH KLJKO\ RUGHUHG VWUXFWXUHV E\
VHOIDVVHPEO\EORFNFRSRO\PHUKDVEHHQWULHGDVQHZQDQRILOWUDWLRQPDWHULDO:HV\QWKHVL]HG
DPSKLSKLOLF EORFN FRSRO\PHU DQG EOHQGHG ZLWK D KRPRSRO\PHU SRO\HOHFWURO\WH WKDW FRXOG
LQWHUDFW ZLWK RQH RI WKH EORFNV LQ WKH EORFN FRSRO\PHU 8VLQJ WKH GLIIHUHQW VROXELOLW\ RI WKH
SRO\PHUVLQWKHEOHQGZHFRXOGUHPRYHWKHSRO\HOHFWURO\WHVHOHFWLYHO\:LWKDFDUHIXOWXQLQJWKH
FRPSRVLWLRQRIWKHSRO\HOHFWURO\WHLQWKHEOHQGZHREWDLQHGDQDQRSRURXVILOPWKDWZDVFUHDWHG
E\H[WUDFWLRQRIWKHSRO\HOHFWURO\WH:HVWXGLHGWKHSRURXVPRUSKRORJ\DQGILOWUDWLRQSURSHUW\RI
WKLVEOHQGV\VWHP
,Q DGGLWLRQZHDOVR VWXGLHG FHOO LQWHUDFWLRQ RQ WKH VXUIDFHV IRU ELRORJLFDO DSSOLFDWLRQ 7KHVH
FRDWLQJVH[KLELWH[FHOOHQWK\GURSKLOLFSURSHUW\ZLWKDJUHDWGHDORIVWDELOLW\7KH\DOVRVKRZHGDQ
H[FHOOHQW ELRFRPSDWLELOLW\ WRZDUG ELRDFWLYH FRQWHQWV LQFOXGLQJ FHOOV 7KHVH FRDWLQJV VKRZ D
JUHDWSRWHQWLDODVDQHZIXQFWLRQDOPDWHULDOIRUELRDQDO\WLFDOPLFURIOXLGLFPHPEUDQH


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
)LJXUH6(0LPDJHRIWKHQDQRSRURXVPHPEUDQHWKDWZDVSUHSDUHGIURPWKHSRO\HOHFWURO\WH
EORFNFRSRO\PHUSRO\HWK\OHQHEORFNSRO\HWKH\OHQHR[LGHEOHQGE\VHOHFWLYHHWFKLQJPHWKRG
.H\ZRUGVQDQRSRURXVEOHQGQDQRILOWUDWLRQVXUIDFHFRDWLQJEORFNFRSRO\PHU


